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We report the spontaneous decay of a soft, optical phonon in a solid. Using neutron spectroscopy,
we find that specific phonon lifetimes in the relaxor PbMg1/3Nb2/3O3 are anomalously short within
well-defined ranges of energy and momentum. This behavior is independent of ferroelectric order
and occurs when the optical phonon with a specific energy and momentum can kinematically decay
into two acoustic phonons with lower phase velocity. We interpret the well-known relaxor “waterfall”
effect as a form of quasiparticle decay analogous to that previously reported in quantum spin liquids
and quantum fluids.
I. INTRODUCTION
Phonons and magnons are elementary excitations that
correspond to well-defined deformations of nuclear and
magnetic lattices, respectively1. These excitations are
long-lived for harmonic potentials, but notable cases ex-
ist where they spontaneously decay2, resulting in anoma-
lously short lifetimes. The sudden disappearance of a
well-defined, harmonic mode at a particular momentum
and energy transfer is rare in lattice dynamics, but it has
been reported in several low-dimensional quantum mag-
nets3–7 and in strongly correlated electronic systems8.
This process is strictly constrained by kinematics9, and
it is more prominent in low-dimensional systems owing
to the enhanced phase space for allowed decay routes.
Here we report the spontaneous decay of a soft, optical
phonon in a solid.
Relaxors are anharmonic systems that are character-
ized by a broad, frequency-dependent peak in the tem-
perature dependence of the dielectric permittivity10. The
perovskite PbMg1/3Nb2/3O3 (PMN) is arguably the most
studied relaxor. When doped with PbTiO3 (PT), PMN
and the Zn analogue PbZn1/3Nb2/3O3 (PZN) (PMN-
xPT and PZN-xPT), develop exceptional piezoelectric
properties that have been exploited for devices11,12.
All PMN/PZN relaxors exhibit multiple temperature
scales13. At the Burns temperature TB (∼ 620 K in
PMN), optical refractive index14 and neutron scatter-
ing pair distribution studies15 suggest that dynamic,
spatially-localized regions of polar order begin to form.
On cooling further to Td (∼ 420 K in PMN), static short-
range polar order appears16, generating intense x-ray17,18
and neutron19–22 momentum broadened elastic diffuse
scattering. Finally, below the critical temperature Tc (∼
200 K in PMN)23, a transition to long-range ferroelectric
order occurs, which in PMN must be induced by cooling
in a sufficiently strong external electric field. These dif-
ferent temperature scales24 can be understood in terms
of random field25,26 theories, previously applied to model
FIG. 1. The 192 g crystal of PbMg1/3Nb2/3O3 used in the
neutron scattering experiments, co-aligned and wrapped in
aluminium foil.
magnets27,28.
Both PMN and PZN exhibit signatures of strong an-
harmonicity via the presence of soft phonons at the Bril-
louin zone center and boundary29. While early studies
failed to identify the soft mode in PMN30, subsequent
neutron experiments discovered a zone center transverse
optic (TO) mode31,32 near 8 meV at 1100 K that softens
as T → Td, as expected from dielectric measurements33,
and then hardens to roughly 11 meV on cooling below
Tc. The energy of this soft TO mode agrees with Raman
scattering at high temperatures34, however hyper-Raman
studies have identified a lower-energy, zone-center mode
that hardens only to ∼ 3 meV on cooling below Tc35,36.
The neutron scattering lineshape of this higher-energy
soft TO mode in lead-based relaxors has an unusual de-
pendence on momentum and energy. In contrast to sys-
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FIG. 2. Momentum-energy maps illustrating the waterfall effect at (a− b) 550 K and (c− d) 100 K. (e− g) Constant energy
cuts at 100 K show ridges of scattering (waterfall effect) that persist into the ferroelectric phase. (h) The q positions of these
ridges show no significant difference between 100 K and 550 K.
tems with temporally well-defined (long-lived) phonons,
these compounds display a large temperature region
where the TO mode becomes increasingly damped with
increasing wavelength37. This phenomenon was termed
the “waterfall” effect because of the deceptive appear-
ance of an abrupt drop/softening of the TO branch at
a non-zero wave vector. While the waterfall effect was
originally tied to the formation of spatially localized po-
lar nanoregions, the phenomena has also been observed
in heavily PbTiO3-doped materials (in particular PMN-
60%PT) that are not relaxors and show no evidence of
polar nanoregions (no diffuse scattering)38. Therefore
the waterfall effect is not related to the relaxor nature.
In this paper, we present a momentum resolved study
of the waterfall effect in both the low-temperature “ferro-
electric” region and at high temperatures when PMN is
paralectric. We observe anomalous momentum and en-
ergy broadened phonon scattering near the Brillouin zone
center at all temperatures. We discuss the phonon line-
shape in terms of a decay of the soft optical transverse
phonon into lower energy acoustic phonons with lower
phase velocities. We therefore suggest that the waterfall
effect is a form of quasiparticle decay analogous to those
observed in quantum magnets and fluids.
II. EXPERIMENTS
We reexamine the lattice dynamics of PMN near q = 0
using the Merlin neutron spectrometer (ISIS, Didcot,
UK). Our PMN sample consisted of three crystals, grown
using the modified Bridgman technique39, that were
co-aligned to produce an effective 192 g single crystal
(Fig. 1). Each sample was aligned such that Bragg reflec-
tions of the form (HK0) lay within the horizontal plane.
Experiments were performed on the Merlin direct geom-
etry chopper spectrometer located at the ISIS facility at
Rutherford Appleton labs. The position sensitive detec-
tors on Merlin allowed good momentum resolution to be
obtained both within the horizontal scattering plane and
also vertically. The use of position sensitive detectors and
the resulting good momentum resolution along all three
reciprocal lattice directions distinguishes this measure-
ment from reactor based triple-axis measurements which
typically integrate along the vertical direction. Three
different incident energies were used (Ei=28, 14, and
9 meV) via the multi-rep rate option with a primary in-
cident neutron energy of 75 meV and a Fermi chopper
frequency of 300 Hz. These afforded an energy resolu-
tion (full-width at half-maximum) at the elastic line of
31.25 meV (Ei = 28 meV), 0.6 meV (Ei = 14 meV), and
0.4 meV (Ei = 9 meV).
III. RESULTS
We first discuss the results from these experiments us-
ing the MERLIN spectrometer. Figure 2 displays inten-
sity maps, measured near ~G = (200) at 550 K (> Td) and
100 K (< Tc), that illustrate how the low-energy optical
and acoustic phonons disperse for ~q = ~Q − ~G. These
phonons correspond to transverse (T1) modes propagat-
ing along ±[010] and polarized along [100]. Previous
studies using triple-axis spectroscopy were unable to fol-
low the softening of the TO1 mode below ∼ 6 meV for
|q| <∼ 0.2 rlu including q = 0 because of significant
dampening below the Burns temperature TB
31 that re-
mains until an underdamped lineshape is recovered at
Tc near 8 meV
32. This is the waterfall effect. Our neu-
tron TOF data fundamentally modify this picture in two
respects: (1) the soft TO1 mode appears to disperse to
energies well below 6 meV in panels (a−b); and (2) there
is no evidence of an underdamped TO1 mode near 8 meV
at any wave vector at 100 K in panels (c− d). This find-
ing is significant because it shows that the waterfall ef-
fect persists to lower temperatures than previously un-
derstood and coexists with ferroelectric order. The data
in panels (a) and (c) were measured with an incident neu-
tron energy of Ei = 28 meV, while those shown in panels
(b) and (d) were measured with a much lower value of
Ei = 14 meV.
The anomalous waterfall feature is characterized fur-
ther in panels (e− g), which depict constant energy cuts
at 100 K that reveal two peaks in the scattering inten-
sity located symmetrically about q = 0. The positions
of these peaks are plotted in panel (h) from 14 meV to
3 meV and demonstrate the existence of a cross-over from
a conventional TO1 phonon dispersion at large q (high en-
ergy) to an effectively energy-independent, vertical ridge
of scattering below ∼ 10 meV. These vertical ridges of
scattering are therefore associated with the waterfall ef-
fect. We also observe no measurable change in the po-
sitions of these ridges on cooling from 550 K to 100 K.
This response is entirely opposite to that expected for an
underdamped, optical phonon branch for which a given
wave vector corresponds to a single energy.
We next discuss the Brillouin zone dependence of the
transverse acoustic (TA) mode, as it was previously
noted40,41 that the TA phonon dispersions measured in
the (300) and (200) zones look different. There are two
explanations for this: (1) the TA and TO phonon modes
are coupled40,41, and (2) the TA phonon branch is cou-
pled to an E = 0 relaxational mode42–44. Either mecha-
nism will cause the TA phonon measured at (3,−q,0) to
appear softer than that measured at (2,−q,0). We em-
phasize that this pertains to the measured TA phonon
energy and not the bare energy, which is Brillouin zone
independent. The reason why the difference in the TA
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FIG. 3. Comparison of the TO1 modes measured in the
~Q = (220) and ~Q = (300) zones at 100 K. (c − d) Constant
energy cuts at 8 meV.
dispersions matters in the context of the waterfall ef-
fect is revealed in Fig. 3 (a − b), which displays maps
that highlight the TO phonon dispersion in the (220)
and (300) zones at 100 K. In both cases the TO1 phonon
branch exhibits distinct vertical ridges of scattering lo-
cated symmetrically about q = 0 similar to those ob-
served in the (200) zone. However, the ridges in the
(300) zone lie much closer to the zone center. Linear
cuts through these ridges at a constant energy trans-
fer E = 8 meV (panels c and d) show that the scat-
tering peaks at L= ±0.135 ± 0.005 rlu near (220) and
at L= ±0.092 ± 0.007 rlu near (300). This comparison
shows that the position of the waterfall, i. e. the verti-
cal ridges of scattering, correlates with the measured TA
phonon dispersion: in zones where the measured TA dis-
persion is softer the waterfall effect is concentrated closer
to q = 0.
The momentum dependence of the TO1 phonon struc-
ture factor is plotted in Fig. 4 (a) throughout the (200)
Brillouin zone at 100 K and 550 K and was obtained by
fitting damped harmonic oscillators to constant- ~Q cuts.
The structure factor is found to be constant through-
out the zone until K ∼ 0.2 rlu, at which point the TO1
phonon intensity begins to decrease rapidly with decreas-
ing wave vector. The energy width Γ (inverse lifetime)
of the TO1 mode (panel b) is constant over the same
range of wave vector, but it begins to increase at the
4same point where the structure factor decreases, which
indicates concomitant decreases in both the optical mode
lifetime and intensity. These features are indicative of a
TO1 phonon instability that exists for a range of wave
vectors near the zone center. Panels (c− d) show cuts at
a constant E = 8 meV through the vertical ridges of scat-
tering (Fig. 2) and Lorentzian fits show that the locations
of these ridges do not change between 100 K and 550 K.
Therefore they are not correlated with ferroelectricity or
the presence of static polar nanoregions.
IV. DISCUSSION
The sudden disappearance of a well-defined phonon
mode at a particular threshold in momentum and energy
is unusual. However, it has been reported in quantum
liquids and magnets. The energy-momentum broadened
nature of the waterfall effect are reminiscent of an en-
ergy and momentum scattering continuum, which sug-
gests that it originates from anharmonic processes that
involve more than one-phonon scattering. Higher-order
scattering processes, including 3- or 4-phonon processes,
are allowed provided that there exists an associated non-
zero matrix element and both crystal momentum and
energy are conserved.45 We now examine whether or not
the decay and loss of spectral weight of the TO1 phonon
shown in Fig. 4 and the anomalous vertical ridges of scat-
tering shown in Fig. 2 can be explained by a spontaneous
decay process analogous to that observed in quantum liq-
uids.
Panels (a) and (b) of Fig. 5 show the TA1 and TO1
phonon dispersions in the (200) and (300) zones, respec-
tively, at 100 K and 550 K. Fig. 5 also illustrates the
kinematically allowed region in each zone where the TO1
soft mode (with momentum ~Q and energy E) can decay
into two TA phonons (with momentum ~Q1,2 and energy
h¯ω~Q1,2) while conserving momentum and energy. This
region is defined by the locus of points where the fol-
lowing expression, forcing both energy and momentum
conservation, is nonzero:
G( ~Q,E) =
∑
~Q1, ~Q2
δ( ~Q− ~Q1 − ~Q2)δ(E − h¯ω~Q1 − h¯ω~Q2)
In the (200) zone, the q where the soft TO1 branch
crosses into this kinematically allowed region coincides
with that at which the loss of spectral weight and broad-
ening begins (Fig. 4), namely K∼ 0.2 rlu. The corre-
sponding region in the (300) zone is narrower in energy
because the measured TA1 phonon dispersion is softer.
Kinematically, this implies a narrower decay region cen-
tered around q=0, confirmed in Fig. 3 (c) and (d), which
demonstrate that the vertical ridges of scattering (wa-
terfall effect) are concentrated over a narrower range in
momentum in the (300) zone than in the (200) Brillouin
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zone. Given this agreement with kinematics and the cor-
relation of the waterfall region with the measured acous-
tic phonon dispersion, we conclude that waterfall effect
is due to the spontaneous decay of the soft TO phonon
into two TA phonons.
The multi-particle response observed here through the
spontaneous decay of a TO mode into two acoustic modes
is distinguished by the fact that it occurs at a non-zero
threshold in momentum and energy. This process differs
from interference effects between phonons, which have
been suggested for PMN and other perovskites and in
particular SrTiO3 and KTaO3
46,47. While such phonon
interference has been suggested in the context of mode
coupling for PMN40,41, an analysis of the temperature
dependence of the acoustic phonon energies and intensi-
ties has found this explanation to be inconsistent with
expectations of acoustic-optic mode coupling based on
other perovskites.42
The spontaneous decay discussed here can be viewed
as being analogous to Fano resonances48 observed at
~Q = 0 where an interference can occur between a har-
monic mode and a continuum when the energies over-
lap.49,50 In fact, an analogous response has been observed
in BaTiO3
51 precisely where the optical phonon branch
crosses the acoustic branch, resulting in strong interfer-
ence/coupling effects. But the spontaneous decay of the
optical phonon in PMN occurs in the absence of any such
crossing; thus it is not a Fano resonance. Instead, it is
a destructive interference effect that can be observed at
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FIG. 5. Dispersions of the TO1 and TA1 modes from
constant-Q cuts with Ei = 28 meV in the (a) ~Q = (200)
and (b) ~Q = (300) zones. The regions where 2 acoustic-
phonon processes are kinematically allowed by from en-
ergy/momentum conservation are indicated as discussed in
the main text.
non-zero wave vectors only when both momentum and
energy are conserved.
Another explanation of the waterfall effect is the cou-
pling between the optic phonon and defects introduced
through either disorder or the spatially local ferroelectric
order that occurs at low temperatures.52 The coupling to
local ferroelectric order, termed polar nanoregions, is un-
likely given that fluctuations associated with this local or-
der freeze in at low temperatures illustrated through both
neutron inelastic measurements in an electric field53,54
and also high resolution spin echo results44,55. The wa-
terfall effect is present at all temperatures. Coupling to
defects introduced through structural disorder on the B
site is likely present at all temperatures. However, NMR
measurements56,57 are suggestive that fluctuations asso-
ciated with this disorder occur on a timescale of ∼ kHz,
while the optic mode has an energy scale of∼ THz. These
are widely disparate timescales for coupling to occur. It
is also not clear if such a coupling mechanism can explain
the momentum dependence between ~Q=(200) and (300).
Our results are consistent with Raman spectroscopy34,
a limq→0 probe, that report highly-damped, high tem-
perature excitations with an energy that agrees with neu-
trons. The reported recovery of an underdamped zone-
center soft mode at low temperature using hyper-Raman
scattering is also consistent with our results because the
soft mode energy of 30 cm−1 (∼ 3.8 meV)35 lies within
the resolution of our neutron measurements. We spec-
ulate that the linewidth broadening observed for these
modes in Raman measurements may originate from sim-
ilar multi-phonon processes suggested here. A continuum
of low-energy modes has also been suggested from calcu-
lations58,59 and diffuse scattering60.
We have motivated our conclusion of spontaneous
phonon decay by analogy to quantum spin systems, but
such decay processes is not unique to magnetism. In
superfluid 4He, the interactions between single quasipar-
ticle excitations lead to a breakdown at energies larger
than twice the single quasiparticle roton energy.61–63 This
corresponds to a decay of the single roton into multi-
particle states. Also, the decay of longitudinal phonons
into two acoustic phonons has been discussed theoreti-
cally64,65 and used to explain the comparatively subtle
phonon broadening (∼1 %) measured in silicon.66 How-
ever, the observation of a complete breakdown of an op-
tical phonon branch has never, to our knowledge, been
seen before. It is even more unusual to observe the decay
of a transverse phonon given that they generally have
lower phase velocities, however, the softening of the TO
mode in PMN near the zone center creates the correct
kinematic conditions for a higher energy TO mode to de-
cay into two TA phonons with lower phase velocities.67
This effect may be present near other soft-mode driven
displacive phase transitions where this condition is met.
Our neutron scattering analysis associates the water-
fall effect in PMN with the spontaneous decay of the soft
TO mode into multi-particle states based on a compari-
son of the waterfall effect and the kinematics measured in
different Brillouin zones. The origin of this strong decay
process is not clear. The decay rate is linked to anhar-
monic effects, and such effects may originate from the
presence of disorder associated with the Mg2+ and Nb5+
cations located at the body center of the perovskite unit
cell.68 The position of the waterfall, i. e. the wave vec-
tor at which the anharmonic scattering is peaked (q ∼
0.1 rlu), corresponds to fewer than 10 unit cells. While
previous neutron studies have indicated that the temper-
ature scale of the optic mode softening is independent of
Ti doping69, the momentum position of the vertical ridge
of scattering does shift to lower values of q with increas-
ing Ti content70, which in turn implies that the length
scale associated with this interaction grows. Anharmonic
scattering within such a small length scale frustrates fer-
roelectric order in the three dimensional perovskite lat-
tice, but relaxing it via Ti doping allows for the eventual
development of full ferroelectric order.
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